The olive oil sector is currently adapting its traditional function to also become a supplier of high-value by-products that possess antioxidant, anti-inflammatory and antimicrobial properties. In this study, we evaluated the effect of the fermented defatted alperujo (FDA) on the intestinal health of laying hens. The morphology of the duodenal and cecal mucosa, the composition of the intestinal microbiota and the productivity of a batch of laying hens were evaluated after FDA supplementation. At early life stages, significant differences (p < 0.001) were observed in duodenal villi height and in crypt depth of both the duodenum and the cecum in the FDA-supplemented group, indicating improved intestinal health in this group. Microbiota composition in the hatchery group supplemented with FDA had a higher abundance of Actinobacteria, Firmicutes and Proteobacteria, and higher bacterial diversity. During the production period, significant differences (p < 0.05) were observed in the number of broken eggs from the supplemented group. We conclude that FDA supplementation improves the absorption capacity of the intestinal mucosa and modifies the intestinal microbiota to favor a greater immune response, leading to an increase in egg production.
Introduction
The European Union, particularly the Mediterranean countries, is the main producer of olive oil worldwide [1] . Spain is by far the largest manufacturer: a total of 1,260,000 tons were produced in the 2017-2018 campaign [1, 2] , with a mean worth of about 1.9 billion euros per year [3] . The olive oil industry has a major economic impact in the producing countries, accounting for around 46 million jobs per production cycle (from seed to final product). This industry also has cultural and environmental implications [3, 4] .
The centrifugation process used in olive oil production generates by-product wastes, which is of great concern due to their polluting activity and, thus, significant environmental impact [4, 5] . Table 1 . Statistical results as mean and interquartile range (IQR) for villi number and height and crypt depth in the duodenum and crypt number and depth in the cecum in control and fermented defatted alperujo (FDA)-supplemented hens at three phases of production. villi number in the FDA-supplemented group. In production phase II hens, only cecal crypt depth was significantly higher in the supplemented hens. Table 1 . Statistical results as mean and interquartile range (IQR) for villi number and height and crypt depth in the duodenum and crypt number and depth in the cecum in control and fermented defatted alperujo (FDA)-supplemented hens at three phases of production. Graphs showing changes in histomorphometric parameters of the duodenal and the cecal mucosa from hatchery to phases I and II: (A) number of villi in the duodenum was significantly increased in phase I in the FDA-supplemented group (treatment); (B) height of villi in the duodenum was significantly increased in the hatchery in the FDA-supplemented group (treatment); (C) depth of crypts in the duodenum was significantly increased in the hatchery in the FDA-supplemented group (treatment); (D) number of crypts in the cecum: no significant differences were observed between the control and treatment group; (E) depth of crypts in the cecum was significantly increased in the hatchery and phase I in the FDA-supplemented group (treatment).
Histomorphometric Parameters

Histomorphometric Parameters Control Group FDA-Supplemented Group
Production Performance
The effects of FDA on production performance of laying hens are shown in Table 2 . Hen production percentages, total eggs (in terms of number and weight) and feed consumption improved with FDA supplementation; however, the differences observed between the two groups was not significant (p > 0.05). Mortality rate was higher in the treatment group; however, the differences observed between the two groups were not significant (p > 0.05). The economic impact of the difference in production performance between the two groups was a 1.7% increase in egg sale profits and a 1.5% decrease in feed costs for the treated group. The percentage of cracked or broken eggs eliminated from production was significantly lower in the treated group (p < 0.05) ( Figure 2 ). 
Metagenomics
Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria were the main bacterial phyla identified in all samples ( Figure 3 ). The other phyla detected at lower levels were grouped together and classified as "Rest". The relative abundance (RA) of Bacteroidetes (43.72 versus 43.42% in treated versus control, respectively), Actinobacteria (10.72 versus 6.82%) and Proteobacteria (4.30 versus 2.58%) were higher in the treated group, while the relative abundance of Firmicutes was higher in the control group (38.67 versus 43.67%). Hens at the hatchery stage showed a higher relative abundance of Actinobacteria (28.39 versus 14.31%), Firmicutes (45.92 versus 39%) and Proteobacteria (8.29 versus 1.64%) in the treated group compared to the control one, whereas the relative abundance of Bacteroidetes was higher in the latter (17.37 versus 44.60%). In phase-I hens, only Actinobacteria (5.72 versus 4.58%) and Bacteroidetes (50.19 versus 16.86%) were more abundant in the treated group. 
Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria were the main bacterial phyla identified in all samples ( Figure 3 ). The other phyla detected at lower levels were grouped together and classified as "Rest". The relative abundance (RA) of Bacteroidetes (43.72 versus 43.42% in treated versus control, respectively), Actinobacteria (10.72 versus 6.82%) and Proteobacteria (4.30 versus 2.58%) were higher in the treated group, while the relative abundance of Firmicutes was higher in the control group (38.67 versus 43.67%). Hens at the hatchery stage showed a higher relative abundance of Actinobacteria (28.39 versus 14.31%), Firmicutes (45.92 versus 39%) and Proteobacteria (8.29 versus 1.64%) in the treated group compared to the control one, whereas the relative abundance of Bacteroidetes was higher in the latter (17.37 versus 44.60%). In phase-I hens, only Actinobacteria (5.72 versus 4.58%) and Bacteroidetes (50.19 versus 16.86%) were more abundant in the treated group. In phase-II hens, Bacteroidetes (55.29 versus 49.47%) was still more abundant in the treated compared to control group, as was Proteobacteria (2.25 versus 1.98%). In phase-II hens, Bacteroidetes (55.29 versus 49.47%) was still more abundant in the treated compared to control group, as was Proteobacteria (2.25 versus 1.98%). 
Discussion
Olive oil industry wastes have emerged as highly valuable products due to their potential beneficial properties such as being antimicrobial and anti-inflammatory [7] . One modified byproduct, the fermented defatted alperujo (FDA), contains molecules like polyphenols, which make it interesting as a potential supplement in animal feed [8] , as demonstrated by the capacity of polyphenols-containing olive oil by-products to modulate gene expression in vivo [19] . FDA supplementation has not been previously used for animal feed, although alperujo supplementation has been tested in several species with the objective of improving performance or exploiting the product's antioxidant capacity [28] . Iannaccone et al. [19] demonstrated that olive oil pomace supplementation in laying hens affects gene expression and thus enhance oxidative status and improves inflammatory response, which suggests that alperujo may contribute to hens welfare and health. However, the effects of this natural compound on intestinal health have not been studied extensively, at least in laying hens.
Nutrient absorption and innate immune response depend on the mucosal structure of the intestine. Therefore, we performed a histomorphometric analysis to evaluate the effects of FDA on the morphology of the intestinal mucosa. Although no previous studies have focused on the impact of olive oil by-products on the intestinal morphology of laying hens, several have assessed the effects of other plant-derived compounds, whose fiber and bioactive compounds content has shown to improve intestinal morphology in broilers, particularly after oligosaccharides supplementation [29] . Therefore, the high fiber, high-quality fat and phenolic content of FDA may enhance intestinal health in supplemented hens.
The majority of these studies focused on the small intestine, mainly the jejunum mucosa, with only a few evaluating the duodenum [30] [31] [32] [33] [34] [35] [36] [37] , despite its very high absorption potential [38] . In one case, supplementation with bamboo vinegar or polyunsaturated fatty acid from an extruded flax product resulted in a significant increase in duodenal villi height in aged hens, suggesting that diet composition affects the duodenal mucosal structure [29, 36] . In another study, an increase in duodenal crypt depth was observed in 33-week-old hens supplemented with rapeseed expeller cake [34] . In these studies, changes induced by different substances on the intestinal mucosa were evaluated during the productive phase. In contrast, in our study, the impact of FDA was assessed during the production cycle of laying hens, from hatchery to late phases. The significant increase in duodenal villi height that we observed in supplemented pullets supposes a concomitant increase in absorptive area, as has been proposed by other authors [36] , which, in turn, leads to increased productivity. 
Olive oil industry wastes have emerged as highly valuable products due to their potential beneficial properties such as being antimicrobial and anti-inflammatory [7] . One modified by-product, the fermented defatted alperujo (FDA), contains molecules like polyphenols, which make it interesting as a potential supplement in animal feed [8] , as demonstrated by the capacity of polyphenols-containing olive oil by-products to modulate gene expression in vivo [19] . FDA supplementation has not been previously used for animal feed, although alperujo supplementation has been tested in several species with the objective of improving performance or exploiting the product's antioxidant capacity [28] . Iannaccone et al. [19] demonstrated that olive oil pomace supplementation in laying hens affects gene expression and thus enhance oxidative status and improves inflammatory response, which suggests that alperujo may contribute to hens welfare and health. However, the effects of this natural compound on intestinal health have not been studied extensively, at least in laying hens.
The majority of these studies focused on the small intestine, mainly the jejunum mucosa, with only a few evaluating the duodenum [30] [31] [32] [33] [34] [35] [36] [37] , despite its very high absorption potential [38] . In one case, supplementation with bamboo vinegar or polyunsaturated fatty acid from an extruded flax product resulted in a significant increase in duodenal villi height in aged hens, suggesting that diet composition affects the duodenal mucosal structure [29, 36] . In another study, an increase in duodenal crypt depth was observed in 33-week-old hens supplemented with rapeseed expeller cake [34] . In these studies, changes induced by different substances on the intestinal mucosa were evaluated during the productive phase. In contrast, in our study, the impact of FDA was assessed during the production cycle of laying hens, from hatchery to late phases. The significant increase in duodenal villi height that we observed in supplemented pullets supposes a concomitant increase in absorptive area, as has been proposed by other authors [36] , which, in turn, leads to increased productivity. Changes in intestinal morphology during the initial phases, which are thought to influence digestion and performance, are critical for later intestinal functions during the productive phase [39] .
The large intestine, particularly the cecum, has been rarely assessed in intestinal morphometric studies. In a recent study on the effects of essential oils and organic acids, no significant differences were reported in these segments [31] . In our study, however, cecal crypt depth proved to be a relevant parameter in our assessment of the impact of FDA on mucosal morphology. The increase in cecal crypt depth in pullets and aged hens appears to not only improve nutrient absorption but also influence a non-specific immune response by better responding to potential superficial epithelial damage. Due to the function of intestinal crypts in epithelial renewal [38, 40] , an increase in crypt depth could favor fermentation, digestion and water absorption capacity, prevent the emergence of disease in pullets and extend productive life in aged hens.
The goals of livestock feed supplementation are species-dependent. However, for all species, production performance must be maintained at an acceptable level [12] , and egg production is not an exception. Our analysis of production performance indicates that FDA-supplemented hens performed better than control-fed hens. Feed is one of the most important costs in animal production [25] ; therefore, the increase in profit from the sale of eggs from the supplemented group may be, in part, attributed to a decrease in feed consumption. To our knowledge, shell hardness has not been previously correlated with any olive oil by-product feed supplement. The intestine has a central role on calcium absorption, and thus, influences calcium metabolism [41] . The increase of villi height and crypt depth in the intestine increases duodenal and cecal absorption capacity, and therefore, the positive impact on eggshell hardness observed here may be in relation to the augmented mineral and absorption in the intestine as previously suggested [30, 42] . In addition, other authors have shown that oligosaccharides present in dietary fiber may increase mineral uptake, and thus, the high fiber content of FDA may be in relation with an improvement of calcium absorption in the intestine [29] . The smaller percentage of broken eggs observed in the supplemented group may have also contributed to the economic increase. However, further studies are needed to determine whether FDA directly or indirectly improves shell hardness.
It is important to study the molecular and metabolic mechanisms behind the productive parameters in order to correctly manage animal feed [19] . In poultry, as in other species, the intestinal microbiota collectively acts as a metabolic organ, facilitating nutrient absorption and the immune response against pathogens [31, 43] . Microbiota is determined by host genes and the environment, with diet being one of the most important factors. Modifications in dietary composition may, therefore, induce changes in microbiota [31] . Microbiota composition in poultry, especially in laying hens, has become an important area of research in veterinary medicine [27] . Although some studies have focused on microbiota variation in laying hens at different phases [44] [45] [46] [47] and under diverse production systems [47, 48] , analyses of microbiota in laying hens fed with plant-derived supplements is limited [49, 50] . Given the main role of microbiota in fermentation and digestive processes in laying hens [47] , we focused on its composition in the cecum in our analyses.
According to the literature, cecal microbiota variations in laying hens are expected during the production cycle [44, 47] . Consistent with this, we observed phyla fluctuations in our analyses. The metagenomics results showed the predominance of Bacteroidetes and Firmicutes, as has been previously reported in other studies [27, 40, 44, 46, 47] . In addition, our results suggest a decrease in bacterial diversity over time in both groups. For instance, we observed a progressive and proportional increase in Bacteroidetes compared to the other phyla in treated adult laying hens. Similar results have been reported by other studies [44, 46] . Decreased microbial diversity has been related to a reduction in the production of short chain fatty acids, which leads to reduced intestinal barrier function [48] . According to some studies and in contrast to adult hens, Firmicutes abundance in pullets is expected to be higher than that of Bacteroidetes [44, 46] . Our results are in agreement with these previous studies. Moreover, we observed that the relative abundance of Firmicutes was higher than that of Bacteroidetes in treated animals at the early hatchery phase, suggesting greater bacterial diversity in animals supplemented with FDA. Finally, we observed that Actinobacteria comprised a significant proportion of the microbiota at the hatchery stage but progressively decrease over time. Our results contrast with other studies in which Actinobacteria was considered a minority phylum, accounting for less than 1% of the total bacterial community [44, 49] . In our study, the proportion of Actinobacteria was higher in treated animals, up to 25 weeks-old, compared with the control group. Similarly, the abundance of Proteobacteria, which progressively decreased over time, was present at higher levels in the treated group during the first post-hatching weeks. Although the relative abundance of Proteobacteria was higher in pullets, it was far from the 50% reported in the cecum of one-week-old laying hens [44] .
Materials and Methods
Ethical Approval
This project has been carried out in accordance with animal welfare standards for the species with ethical approval from the Complutense University of Madrid and the Community of Madrid (PROEX 152/19).
Animals and Rearing Conditions
The study was performed in a commercial farm using a whole batch of Hy-Line 2015 laying hens (122,250 animals in total). The animals were randomly divided into two groups, control and treated, and raised from the hatchery stage to the end of the production cycle. The hens were kept in an intensive housing system in the same place and under the same controlled environmental conditions (24-32 • C, depending on the phase, and 50-70% humidity). Feed and water were supplied ad libitum.
Experimental Diets
Both groups were fed the same commercial formulation, according to the production phase, as routinely used at the farm. Feed of the treated group was supplemented with fermented defatted alperujo (FDA), which had first undergone a controlled anaerobic bacterial fermentation and was then defatted with chemical solvents (fat hydrolysis). Finally, it was desiccated at 80 • C in a low oxygen content atmosphere and then suffered a grinding process. FDA composition was determined by Labocor S.L. (Colmenar Viejo, Spain) ( Table 3) . 
Production Performance
Productive parameters were registered for all production phases using the business management enterprise resource planning software Navision from Microsoft. The conversion rate was expressed as kg of feed consumed in relation to the number of eggs produced. Egg production and mortality were recorded daily; feed consumption was measured weekly. Eggs were collected over a 24 h period and weighed for determination of egg weight and grade.
Samplings and Necropsy
A total of 11 samplings across the three phases of the production cycle were performed during the study: hatchery (1-16 weeks old, four samplings), phase I (laying hens until peak laying, 16-23 weeks old, two samplings) and phase II (from 24-weeks old to the end of production, five samplings).
For all samplings, 15 hens of each group were sacrificed by the gas-stunning method. A complete necropsy was carried out for each animal. During the necropsy, a gross survey was performed, and duodenal and cecal samples were collected and fixed in a 4% formaldehyde-buffered solution for 48 h (Panreac Química SLU, Barcelona, Spain). In addition, fresh cecal feces were collected from each animal and preserved at −80 • C for the metagenomics analysis.
Histology
After fixation, intestinal tissues were dehydrated through an ethanol series and xylene substitute (Citadel 2000 Tissue Processor, Thermo Fisher Scientific, Waltham, MA, USA), then embedded in synthetic paraffin. After paraffin block formation (Histo Star Embedding Workstation, Thermo Fisher Scientific), 4-µm sections were cut (Finesse ME+ Microtome, Thermo Fisher Scientific), stained with hematoxylin and eosin (Panreac Química SLU) and mounted and examined under a light microscope (Leica, Wetzlar, Germany).
A histomorphometric study was performed using an image analyzer (Leica Application Suite, Leica), which measured different parameters of the duodenum and the cecum in each animal in five fields at 40× magnification. In each case, the number of duodenal villi and duodenal and cecal crypts were counted. Duodenal villi height was measured from the top of the villus to the villus-crypt junction; duodenal and cecal crypt depth was measured from the villus-crypt junction to the muscularis mucosae. A minimum of seven well-oriented villi and 14 crypts were measured from different sections of each hen.
Metagenomics
DNA was isolated from cecal samples using the QIAamp DNA Stool Mini Kit (Qiagen NV, Hilden, Germany). The next-generation sequencing and bioinformatics analyses of the bacterial 16S rRNA gene were performed by Stab Vida (Caparica, Portugal) and Era7 Bioinformatics (Granada, Spain). Regions V3 and V4 of 16S rRNA were sequenced on the Illumina Miseq platform using 300 bp paired-end sequencing.
Statistical Analysis
IBM SPSS Statistics Software (IBM; Armonk, NY, USA) was used for statistical analysis. Differences in production performance and histomorphological parameters between control and treated groups were assessed using Mann-Whitney test and statistical significance was considered at p < 0.05.
Conclusions
Dietary fermented defatted alperujo (FDA) supplementation in laying hens significantly improved duodenal villi height in pullets, which may enhance intestinal function during their productive life, as suggested by the significant decrease of broken eggs eliminated from production. Additionally, the increase of cecal crypt depth in pullets and aged hens appears to improves nutrient absorption.
It may also influence non-specific immune responses by being able to better respond to potential harmful events, contributing to the intestinal health of laying hens. Our findings also suggest that diet composition can modulate intestinal microbiota at early life stages. Specifically, FDA supplementation seems to increase intestinal bacterial diversity by increasing the relative abundances of Firmicutes and Proteobacteria. Establishing a diverse microbiota early in life may enhance intestinal health by providing metabolic substances, improving immune response and competing with pathogenic bacteria, thus potentially reducing antimicrobial usage. 
